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SAXSTherapeutic vaccination with tumor antigens is a new approach in cancer treatment, which aims at inducing
immune response while avoiding the side effects generally associated to many conventional therapies. To
improve the efﬁcacy of vaccines, suitable carriers may be used. Herein the insertion of a thioether analogue of
GM3 lactone (SNeuAC-C14) into liposomes is reported. SNeuAC-C14 is a potential vaccine for the targeting of
saccharide-based tumor epitopes. Different liposome formulations were designed to act as carriers and to
generate recognition by tumor epitopes. The structural study of pure and loaded liposomes was carried out by
synchrotron Small Angle X-ray Scattering and was complemented by Dynamic Light Scattering and Zeta
potential measurements. This provided detailed information on relevant properties of the investigated host-
guest structures and showed that the active unit of SNeuAC-C14, i.e. its spiro tricyclic moiety, was located in
the polar head region of the liposome bilayer, which is an important requirement for recognition phenomena.
Moreover, it was found that most of the SNeuAC-C14/liposome complexes were positively charged. The
obtained results allow these systems to be considered as candidates to promote immunoresponse in tumor
cells.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Liposomes are a class of widely recognized and versatile vectors for
compounds of biomedical interest such as drugs, genetic fragments
and vaccines. Active immunotheraphy (i.e. vaccination with tumor
antigens) is a new approach in cancer treatment, which aims at
inducing immune response against tumors without the side effects
associated to many conventional therapies. However, treatment with
antigens alone is usually unable to generate a robust immune response,
and adjuvants are required for enhancing cellular reaction [1,2]. This
also allows the use of smaller amounts of vaccine. Among possible
adjuvants, liposomes represent a valid option [3,4], since it has been
shown that antigens coupled to liposomes aremore immunogenic than
their free-form counterparts [5–8]. In this context, the structural
features of antigen–liposome complexes are critical for their function-
ing, due to the important role that recognition phenomena play in
determining the efﬁciency of vaccine-based formulations. Thus,
investigation of host–guest complexes at the nano and molecular
scale is necessary to identify key parameters for the recognition
process and to improve the design of synthetic immunogens.+39 055 234177.
ll rights reserved.Here we report on the structural characterization of different
liposome formulations loaded with a thioether mimetic of GM3
lactone (SNeuAC-C14, Scheme 1a), whose synthesis and potentiality
as immunostimulant have been recently described [9]. This compound
was designed with a C14 hydrocarbon chain linked to the anomeric
position of the galactose-derived ring, in order to be anchored to the
liposome bilayer, while retaining its hydrophilic spiro carbohydratic
unit in the outer aqueous phase. Such conﬁguration should be optimal
to allow recognition by the host's immune system. It is worth noticing
that also the native occurring antigen GM3 lactone has two
hydrophobic tails [10] (Scheme 1b) and that the structural features
of GM3 ganglioside, its most common parent compound, have been
largely unraveled in the context of model biological membranes [11].
The liposomes used in this work were made with DMPC, DOPC/
DOPE (1:1 molar ratio), DMPC/C14TAB (4:1 molar ratio) and DOPC/
DOPE/DOTAP (2:2:1 molar ratio). These two latter formulations
contain a positively charged lipid, in addition to the zwitterionic
phospholipids of the PC and PE types. Employing components with a
cationic polar head is a strategy to enhance immunogenicity, since it
has been demonstrated that cationic lipids are not only good carriers
for molecular delivery into cells, but also stimulate immune response
[12,13] and are able to activate speciﬁc cellular cascade [14].
Moreover, good compatibility between saccharide-based amphiphiles
and positively charged lipids is documented in the literature [15–17].
Scheme 1. (a) SNeuAC-C14; (b) GM3 lactone.
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amphiphilic aggregates such as unilamellar andmultilamellar vesicles
[18–20] and in recent years efﬁcient simulation procedures have been
developed to study these systems with resolution at the sub-
nanometer level [21–24].
Here we used synchrotron Small Angle X-ray Scattering (SAXS)
for the characterization of pure and SNeuAC-C14 loaded liposomes.
In the case of diluted amphiphile systems, such as those studied in
this work, SAXS laboratory apparatii may not provide enough
sensitivity to carry out quantitative analysis and high performance
instruments, i.e. large scale facilities, represent a valuable option.
The ﬁtting of SAXS diagrams was performed with the Global
Analysis Program (GAP), written by G. Pabst [25], which allows
reproduction of the scattering length density cross proﬁles of
coexisting mono and multilamellar aggregates in liposome disper-
sions. By this procedure, relevant structural, as well as the distribution
of electron density in the polar and apolar regions of membranes,
were obtained.
SAXS results were complemented by light scattering and Zeta
potential data, which gave information on the overall size and surface
charge of the investigated systems.
2. Materials and methods
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 1,2-dio-
leoyl-sn-glycero-3-phosphocholine, (DOPC), 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) and 1,2-Dioleoyl-3-trimethylammo-
nium-propane chloride salt (DOTAP), were purchased from Avanti
Polar Lipids, Inc., Alabaster, AL, and used without further puriﬁcation.
Tetradecyl trimethylammonium bromide (C14TAB) was purchased
from Fluka. 2×10-2 M stock solutions of all these lipids were prepared
in CHCl3.
SNeuAC-C14 was synthesized as described in [9], relying on the
totally diastereoselective [4+2] cycloaddition between exoenitol
[26] and α-thiono-β-keto-δ-lactone [27], in CHCl3 at 40 °C in the
presence of pyridine and potassium carbonate. Subsequent removal
of protecting groups and acetylation of free hydroxyls under
standard conditions gave the peracetylated derivative. Reduction
of the lactonic function then afforded the hemiacetalic derivative
which was activated as ﬂuorine glycoside. This latter compound,
treated with tetradecanol under Ley's glycosylation conditions, lead
to SNeuAC-C14, after deacetylation.
A stock solution of SNeuAC-C14 2 10-3 M in CH2Cl2 was prepared
for covesiculation with the appropriate lipid mixtures.
2.1. Liposome preparation and characterization
Liposomes were prepared by the extrusion method, starting
from a ﬁlm of lipids and (if required) SNeuAC-C14, obtained by
solvent evaporation from the appropriate quantities of stock
solutions. Subsequent rehydration with MilliQ grade water and
vigorous stirring allowed multilamellar vesicles to be formed. These
were submitted to eight cycles of freeze and thaw (liquid nitrogen/
water bath at 50 °C) and downsized by 27 passages through 200,100 or 50 nm polycarbonate membranes with the LiposoFast
apparatus, Avestin, Ottawa, CA. In each sample the total lipid
concentration was 1 × 10-2 M.
The size and surface charge of pure and SNeuAC-C14 loaded
liposomes were measured by standard methods, i.e. Dynamic
Light Scattering, DLS (Coulter Sub-Micron Particle Analyzer
N4SD, equipped with a 4 mW helium-neon laser and 90°
detector) and Zeta potential (Coulter DELSA 440 SX), respective-
ly. In particular, the autocorrelation function of the scattered
light was analyzed by the cumulant method [28] and by
unimodal analysis, to obtain the mean size and polydispersity
index (P.I.), while Zeta potential values were calculated from the
electrophoretic mobility by means of the Helmholtz–Smolu-
chowski relationship [29]. The same samples used in SAXS
experiments were diluted 10 times to reach a suitable volume
for DLS and Zeta potential measurements.
2.2. Small Angle X-ray Scattering experiments
SAXS intensity proﬁles were recorded at the high brilliance ID02
beamline of the ESRF (European Synchrotron Radiation Facility,
Grenoble, France) [30]. The wavelength and energy of the incoming
beam were 0.995 Å and 12.46 keV, respectively. Temperature at the
sample holder was 25±0.1 °C. Sample to detector distance was
1 m, and the q-range covered was 0.103–4.887 nm-1, where q is the
scattering vector modulus given by q = (4π/λ)sinθ, and 2θ is the
scattering angle. Therefore, if 2π/q is taken as an estimation of the
corresponding distances, the directly investigated length scale
ranged from ∼ 60 to ∼ 1.3 nm. Smaller distances are accessible
either by performing WAXS measurements or by modeling the
bilayer electron density and then ﬁtting the SAXS curves, as
discussed below.
Samples were placed in 1.5 mm diameter glass capillaries and at
least three curves were recorded at different positions along each
capillary.
The measured SAXS proﬁles were normalized to an absolute scale
using the standard procedure reported elsewhere [31,32]. The
normalized background scattering by the capillary ﬁlled with the
solvent was subtracted from the normalized intensity and the
resulting quantity was denoted by I(q).
2.3. Fitting of SAXS diagrams
The Global Analysis Program (GAP) version 1.3 was provided by
Dr. Georg Pabst of the Austrian Academy of Sciences, Graz [25]. This
software allows ﬁtting the SAXS pattern of bilayer-based structures,
i.e. vesicles and lamellar phases, using the following equation:
I qð Þ = 1− Ndiffð ÞS qð ÞP qð Þ + NdiffP qð Þ
q2
ð1Þ
where Ndiff is the fraction number of positionally uncorrelated
bilayers (i.e. those forming non-interacting vesicles) per scattering
Scheme 2. Electron density proﬁle as a function of the distance from the bilayer center,
modeled by a summation of three Gaussians.
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of scatterers and describing the inter-particle interactions, while
P(q) is the absolute square of a bilayer form factor. The electron
density was modeled by using three-Gaussians proﬁles [33,34],
representing the polar head groups at ±zH and the terminal
methyl group at the center of the bilayer, which corresponds to
the minimum of the electron density proﬁle, as sketched in
Scheme 2.
For systems which showed quasi long range order, i.e. when the
contribution of oligolamellar structures was evidenced from the shape
of SAXS diagrams, a structure factor obtained by a modiﬁed Caille'
theory [35,36] was chosen. It is worth noticing that the presence of
multilamellar structures in a liposome preparation is easily revealed
even if they are a minor constituent, since their contribution to the
overall scattering signal is much stronger than the signal of
monolamellar vesicles.
In summary, the best ﬁt parameters were: the lamellar repeating
distance, d (in systems presenting Bragg peaks); the average
number of bilayers per scattering domain (N) and the fraction of
positionally uncorrelated bilayers (Ndiff); the Gaussian distributionFig. 1. SAXS diagrams of pure and SNeuAC-C14 loaded DOPC/DOPE liposomes at two differen
diameter of the membranes used for extruding these samples was 200 nm.center of the polar heads electron density proﬁle (zH) and its
standard variation width (σH); the Gaussian distribution center and
standard variation of the hydrophobic core (zC and σC, respectively),
the amplitude (always negative) of the hydrophobic tails Gaussian
relative to the headgroup Gaussian (ρC) and the ﬂuctuation Caillé
parameter (η) related to the bilayer bending rigidity.
3. Data analysis
The SAXS proﬁle of unilamellar vesicles (ULVs) consists in the
typical diffuse scattering pattern of single, non-interacting bilayers
and can be ﬁtted by the form factor of locally ﬂat objects. In the
presence of multilamellar vesicles (MLVs), correlation peaks appear,
which are superimposed to the diffuse scattering and describe the
spacing of bilayers (quasi-Bragg peaks) [37,38].
Fig. 1 shows the SAXS patterns of pure DOPC/DOPE liposomes
extruded with 200 nm pore membranes and the diagrams obtained
from the same liposomes loaded with SNeuAC-C14 at two different
lipid/mimetic molar ratios. The shape evolution observed in Fig. 1
suggested that a considerable fraction of oligolamellar vesicles was
present in unloaded liposome samples, whereas the addition of
SNeuAC-C14 tended to favor the formation of monolamelllar
structures. Slight variations in the position of the minimum at ∼
2.5 nm-1 indicated that the bilayer thickness underwent a small
increase upon insertion of SNeuAC-C14.
The simulation of the SAXS diagrams in Fig. 1, performed with the
GAP 1.3 package, gave the best ﬁt parameters reported in Table 1. As
an example, Fig. 2 shows the experimental and computed SAXS
diagrams of pure DOPC/DOPE liposomes together with the
corresponding electron density proﬁle. In analogy with the observed
shape evolution in the SAXS diagrams, a small but detectable variation
in the bilayer thickness was observed upon SNeuAC-C14 uptake by
DOPC/DOPE liposomes. The fraction of positionally uncorrelated
bilayer within a scattering domain was found to increase at increasing
mimetic content.
The results obtained by light scattering and Zeta potential
showed that the insertion of SNeuAC-C14 in the liposome bilayer
induced a small decrease of the overall size, as well as a
reorganization of the lipid polar heads on the outer surface.
Table 2 reports the mean diameter and polydispersity index oft lipid/mimetic molar ratio. Total lipid concentrationwas 10-2 M in all systems. The pore
Table 1
Best ﬁt parameters of the SAXS proﬁle of DOPC/DOPE liposomes with and without the
SNeuAC-C14 mimetic.
Liposome composition zH (Å) σH (Å) σC (Å) ρC (Å) η Ndiff
DOPC/DOPE 19.8 3.0 5.2 - 1.24 0.16 0.80
DOPC/DOPE + SNeuAC-C14 10:1 19.6 3.2 6.3 - 0.80 0.16 0.91
DOPC/DOPE + SNeuAC-C14 5:1 19.2 3.3 6.6 - 0.65 0.15 0.95
The repeating distance of the bilayer spacing was d=6.27 nm and N was set to 2.0 for
all systems. Constraining σH values to 3.0 appreciably worsened the ﬁt quality in the
case of SNeuAC-C14 loaded liposomes.
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Although the net polar head charge of zwitterionic phospholipids
is zero, it has been observed that liposomes made by PE and PC
components behave as slightly charged aggregates when in the
presence of an external electric ﬁeld [39,40]. This may be due to
preferential absorption of HO- ions from the water environment or
to the outward exposure of phosphate groups. Our results are in
agreement with this ﬁnding, since the introduction of guest
molecules turned the Zeta potential to less negative or positive
values (see below for further data with the same trend). In fact,
SNeuAC-C14 is an uncharged molecule and the obtained Zeta
potential values were attributed to a different packing of PC and PE
polar heads, which was necessary to accommodate the bulky spiro
glycoside units. Despite surface charge variations in these lipo-
somes, the measured conductivity of the solution did not
appreciably changed upon SNeuAC-C14 uploading; this was
probably due to sensitivity limits and small changes, in the range
of experimental error, could not be excluded.
Fig. 3 shows the SAXS proﬁles of DOPC/DOPE liposomes with and
without the mimetic SNeuAC-C14, prepared by extrusion through
membranes of 100 and 50 nm pore diameter (panels 4a and 4b,
respectively). The obtained shape and its variations were well in
line with the curves in Fig. 1 and with data reported in the
literature, since it has been observed that extrusion through smaller
pore membranes reduces the oligolamellar fraction of liposomesFig. 2. (a) Experimental SAXS diagram of pure DOPC/DOPE liposomes extruded through 200
Table 1. (b) Electron density proﬁle calculated by three Gaussian distributions and by the band promotes the formation of unilamellar aggregates [41]. On the
other hand, the insertion of guest molecules in a lipid bilayer may
modify its bending rigidity and increase the overall stiffness, thus
preventing to obtain small-size liposomes. The global size of all
liposomes was consistent with the diameter of the membrane pore
used for extrusion. Nevertheless, two experimental evidences
indicated that curvature constrains played a role in the formation
and stability of the vesicles used in this work: (i) the mean
diameter of vesicles extruded through 50 nm pore membrane was
signiﬁcantly larger than the nominal values (∼ 75-80 nm) and (ii)
the suspension stability was higher in systems extruded through
200 nm diameter pore membranes, attaining several months
without showing phase separation.
Whether the structure of liposomes used in drug delivery should
be uni- or multilamellar is a subject of debate, since the former
presents higher payload ability, whereas the latter has proven to be
slightly more stable and, consequently, more efﬁcient for biomedical
applications [42]. However, in our systems, the aforementioned
recognition mechanism is a major requirement for mimetic antigen
functioning and this suggests that unilamellar vesicles should be
preferred to multilamellar vesicles. In any case, SAXS is duly
considered the instrument of choice to distinguish between these
two types of structures in solution [43].
The DLS and Zeta potential trends obtained for samples extruded
with 100 and 50 nmporemembranes were in linewith those reported
in Table 2 for liposomes extruded with 200 nm pore membranes.
Analogous trends regarding the tendency toward size reduction and
surface charge decrease followed by a switch of sign were observed
upon loading liposomes with SNeuAC-C14.
The introduction of a positively charged component in the
bilayer, i.e. DOTAP at 20% molar ratio, brought about signiﬁcant
changes in the liposome lamellarity, as it is shown in Fig. 4, where
the SAXS patterns of pure and SNeuAC-C14 loaded liposomes are
reported. Comparing the curves in Fig. 4 with those in Fig. 1, it was
evident that unloaded cationic liposomes contained a smaller
fraction of MLV with respect to zwitterionic liposomes. Multi-
lamellarity in the presence of charged lipids has been reported bynm pore membranes and corresponding best ﬁt obtained with the parameters listed in
est ﬁt parameters as described in the text.
Table 2
Mean diameter, polydispersity index and Zeta potential of plain and SNeuAC-C14
loaded DOPC/DOPE liposomes extruded with 200 nm pore membranes.
Liposome composition bDN (nm) P.I. ζ (mV)
DOPC/DOPE 226±10 0.16 -11±5
DOPC/DOPE + SNeuAC-C14 10:1 195±5 0.13 - 4±2
DOPC/DOPE + SNeuAC-C14 5:1 183±2 0.05 +6±2
The conductivity of these solutions was the samewithin experimental error, i.e. 0.027±
0.003 mS/cm.
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investigation of DOPC liposomes containing variable fractions of
DOPS, and it has been attributed to interbilayer electrostatic
repulsion. Practically pure monolamellar liposomes were formed
when the extrusion was carried out with smaller diameter pore
membranes (data not shown).Fig. 3. Experimental SAXS diagram of pure and SNeuAC-C14 loaded DOPC/DOPE liposomes e
In all systems total lipid content was 10-2 M and DOPC/DOPE molar ratio was 1:1. The molThe best ﬁt parameters for the SAXS diagrams reported in Fig. 4
are listed in Table 3. Marked variations were observed in the σH,
σc and ρc values, which indicated that substantial redistribution of
the electronic density took place in the liposome bilayer upon
SNeuAC-C14 insertion. Changes were also observed in Ndiff values.
In agreement with the results from the modeling of the SAXS data,
the Zeta potential values measured in DOPC/DOPE/DOTAP systems
showed that insertion of mimetic molecules induced a rearrangement
of the bilayer components in cationic liposomes and this favored the
positive ends of lipids to be exposed toward the external medium, as
suggested by surface charge variations. The higher conductivity
measured at increasing mimetic content (Table 4) conﬁrmed the
presence of more charged aggregates in solution.
The liposomes made with DMPC or with DMPC/C14TAB (4:1 molar
ratio) and loaded with SNeuAC-C14 showed similar behavior with
respect to those containing dioleoyl chain lipids. In particular, reduced
lamellarity and surface charge increase upon mimetic insertion were
observed and, as reported above, extrusion through smaller porextruded through 100 nm pore membranes (a) and through 50 nm pore membranes (b).
ar content of mimetic with respect to phospholipid is indicated in the legend.
Fig. 4. Experimental (symbols) and simulated (continuous lines) SAXS diagrams of pure and SNeuAC-C14 loaded DOPC/DOPE/DOTAP liposomes prepared by extrusion through
200 nm pore membranes.
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structures. However, long term stability of the C14-based liposome
formulations was lower than the corresponding dioleoyl ones and
partial degradation was detected within few weeks from preparation.
Fig. 5 shows the experimental SAXS intensities of pure and
SNeuAC-C14 loaded liposomes extruded with 100 nm pore mem-
branes. The corresponding size were in agreement with the pore
diameters used for liposome preparation (120–90 nm). Concurrently
the zeta potential value exhibited the same trend observed for DOPC/
DOPE liposomes, from slightly negative for unloaded DMPC liposomes
(-5±2 mV) toward positive (+7±2 mV) when the mimetic was
inserted in the bilayer at 5:1 molar ratio with respect to lipid
molecules.
Fitting the SAXS proﬁles in Fig. 5 with the GAP software gave the
best ﬁt values listed in Table 5. In the case of pure DMPC liposomes,
these values were in good agreement with those reported in the
literature for DMPC lamellar phases in similar conditions [33].
Considering that in these liposome formulations the chains of
both host DMPC molecules and guest SNeuAC-C14 molecules are
identical, the electronic density in the bilayer interior should be the
same to a good approximation level. Therefore, the electronic
density obtained by simulating the diagram in Fig. 5 was rescaled to
the absolute value of C14 saturated chain in the ﬂuid state, which is
0.2 e/Å3, as reported in the literature [45]. This gave the electron
density proﬁles of pure and SNeuAC-C14 containing DMPC bilayers
shown in Fig. 6, where a polarity increase in the head region, due to
the insertion of saccharide groups was evidenced.Table 3
Best ﬁt parameters for the SAXS patterns shown in Fig. 4 (DOPC/DOPE/DOTAP
liposomes with and without the SNeuAC-C14 mimetic).
Liposome composition σH (Å) σC (Å) ρC (Å) η Ndiff
DOPC/DOPE/DOTAP 2.9 7.5 - 1.20 0.7 0.91
DOPC/DOPE/DOTAP + SNeuAC-C14 10:1 5.5 9.2 - 1.42 0.7 0.94
DOPC/DOPE/DOTAP + SNeuAC-C14 5:1 7.2 10.3 - 1.51 0.7 0.96
The lamellar repeating distance, the number of bilayers per scattering domain and the
bilayer thickness were d=7.8 nm, N=2 and zH=1.95 nm, respectively.The proﬁles shown in Fig. 6 conﬁrmed that the spiro saccharidic
portions of the mimetic molecules inserted in liposomes were
outwardly oriented. Such location is to be considered a suitable one
to allow recognition in the presence of tumor cells.
4. Conclusions
Tumor prevention plays a central role in today's medicine and for,
this purpose, the use of vaccines represents an interesting alternative
to more commonly applied kinds of treatment.
In this paper we studied several liposome formulations as carriers
for SNeuAC-C14, a potential vaccine against carbohydrate tumor
epitopes.
The structural analysis, carried out by SAXS, DLS and Zeta
potential was especially focused on those properties which are
relevant in recognition phenomena, such as the surface charge and
the availability of active groups. Results showed that this investi-
gation is able to provide detailed information at lengh scales
ranging from hundreds of nanometers down to the molecular level.
In particular, we found that most of the investigated host–guest
complexes were positively charged and that the spiro glycoside
groups of SNeuAC-C14 were located in the polar head region of
liposomes, which is a prerequisite for recognition phenomena.
Therefore, we think that combining the immunostimulatory activity
of positive aggregates with the carrier property of liposomes is a
possible way to act simultaneously on the immune system and the
target cells.Table 4
Zeta potential and conductivity values of plain and SNeuAC-C14 loaded DOPC/DOPE/
DOTAP liposomes (2:2:1 molar ratio) extruded through 200 nm pore membranes.
Liposome composition ζ (mV) Cond. (mS/cm)
DOPC/DOPE/DOTAP +60±3 0.030±0.001
DOPC/DOPE/DOTAP + SNeuAC-C14 10:1 +70±5 0.041±0.001
DOPC/DOPE/DOTAP + SNeuAC-C14 5:1 +85±5 0.066±0.001
The mean size of these liposomes, measured by DLS, was 210±20 nm.
Fig. 5. SAXS diagrams of pure and SNeuAC-C14 loaded DMPC liposomes at lipid/mimetic=10:1 and 5:1 molar ratio. DMPC concentration was 10-2 M in all systems. The pore
diameter of the membranes used for extruding these samples was 100 nm.
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